In the female reproductive organs, a temperature gradient has been shown between the isthmus and ampulla of the oviduct of the rabbit \[[@r1]\], and across the porcine ovarian tissues \[[@r2]\]. The establishment of these gradients has been shown to depend on estrous cycle phases; for example, the isthmus is cooler than the ampulla in the rabbit during the preovulatory period, and mature graafian follicles in swine had a lower temperature than the ovarian stroma at the follicular phase \[[@r1], [@r2]\]. However, studies showing the thermal gradient among the organs of the female genital tract from the vagina to the uterus have not been conducted so far.

Sexual cycle phases affect not only the establishment of temperature gradients within some genital organs, but also body temperature. In humans, basal body temperature (BBT) shows a biphasic pattern during the menstrual cycle \[[@r3]\]. This pattern was related to ovulation, and the temperature increment in the luteal phase was attributed to the thermogenic action of progesterone (P~4~) or its synergistic action with estrogen \[[@r4]\]. Subsequently, elevated peripheral P~4~ concentrations stimulate the release of norepinephrine from its storage sites in the sympathetic nervous system, affecting the temperature control center in the hypothalamus, with a consequent elevation in body temperature. This change is reflected by an increase in the oral, axillary, vaginal or rectal temperature \[[@r3],[@r4],[@r5],[@r6]\]. Moreover, the dose-dependent thermogenic action of P~4~ has been described in laboratory animals \[[@r7]\]. In bovines, rectal (RT) and vaginal temperatures (VT) are associated with each other and could be used to monitor diurnal changes in body temperature with the minimal body temperature in the early morning \[[@r8], [@r9]\]. As with BBT in humans, once daily or continuous daily recording of VT in dairy cows revealed an elevation (≥0.1 C) of the body temperature during the mid-luteal phase, followed by a decrease 2--3 days before estrus \[[@r10],[@r11],[@r12]\]. This pattern was attributed to the thermogenic action of P~4~, and the pre-estrous reduction of VT reflected CL regression \[[@r13],[@r14],[@r15]\]. On the other hand, studies in bovine \[[@r9]\], equine \[[@r16]\] and swine \[[@r17]\] based only on monitoring RT did not show such a pattern during the estrous cycle.

It is not known if the temperature of deeper portions of the bovine genital tract is associated with that measured in the rectum and vagina \[[@r18], [@r19]\]. Moreover, the urgent need for a study investigating the temperature of these portions during the estrous cycle has been raised recently \[[@r19]\].

The current study aimed to describe the temperatures of the different portions of the female genital tract and their relationship to rectal temperature and to investigate the effects of steroid hormone profiles over the estrous cycle on these variables in cattle.

Materials and Methods {#s1}
=====================

Animals and experimental location
---------------------------------

Four nonpregnant, multiparous Japanese Black cows were enrolled in the current study. This investigation was carried out from March to May 2011 at the Experimental Farm of the University of Miyazaki, Japan (latitude 31°49\'38\" N, longitude 131°24\'49\" E). The animals were fed twice daily at 0800 and 1600 h, and water was available ad libitum. All experimental procedures were approved by the institutional review board for animal experiments of the University of Miyazaki (Approval No. 2009-001-3).

Experimental procedures
-----------------------

Transrectal ultrasonography equipped with a 10 MHz linear array transducer (LOGIQ Book XP, GE Healthcare, Tokyo, Japan) was used to identify the ovarian structures and determine estrous cycles. When transrectal ultrasonography showed that a cow had a mature corpus luteum (CL; ≥20 mm), luteolysis was induced by intramuscular injection of 500 µg prostaglandin F~2α~ (Cloprostenol, Resipron^®^, Asuka, Tokyo, Japan). Then the animals were investigated daily (between 0630--0800 h; 15--20 min per cow) over two successive estrous cycles. The daily experimental procedures were carried out in the following sequence: blood sampling for the steroid assay and then measurement of the temperatures of the rectum and different portions of the genital tract. Finally, transrectal ultrasonography was used to monitor ovarian structures and track ovulation. The first day on which an ovulatory follicle was not observed was designated as Day 1 (ovulation). During all procedures, the on-site ambient temperature and relative humidity were recorded for further calculation of temperature humidity index (THI).

The temperatures of the rectum (RT), vagina (VT), cervix (CT), uterine body (UBT) and uterine horns (UHT; average of the right and left uterine horn temperatures) were recorded using a digital thermometer (TX10-02, Yokogawa, Tokyo, Japan) attached to a long probe with a rounded-end temperature sensor (length, 500 mm; diameter, 3.2 mm) with a response time of 1.4 sec. Two identical probes were used: one for measuring RT and the other for measuring the temperature of different portions of the genital tract. Briefly, after cleaning and disinfecting the perineum and external genitalia, the disinfected probe was introduced gently into the vagina, guided into the cervix by manipulation via the rectum and then introduced into the uterine body. Then, it was guided into the right and left uterine horns. RT was measured at an insertion depth of approximately 10 cm, while genital tract temperatures were recorded near the middle of the dorsal aspect of each portion to avoid interaction with genital secretions as much as possible.

Ambient air temperature (AT, C) and relative humidity (RH, %) within the experimental location were recorded every 5 min during the examination period using a thermometer/hygrometer (72948 A, Shinwa Rules, Sanjo, Japan), which was secured 1.5 m above the ground and in the shade. The recorded AT and RH were averaged for each cow. THI was calculated according to a previously reported equation \[[@r20]\]: THI = (0.8 × AT) + \[(RH/100) × (AT − 14.4)\] + 46.4.

Blood sampling
--------------

Blood samples were collected via coccygeal venipuncture into heparinized vacutainer tubes (Venoject II, Terumo, Tokyo, Japan) and were immediately centrifuged (3000 rpm × 15 min at 4 C). The plasma was harvested and stored at --30 C until the hormonal assay.

Hormonal assay
--------------

Plasma P~4~ concentrations were measured using an Enzyme-Linked Fluorescent Assay (ELFA) kit (VIDAS^®^ Progesterone, SYSMEX bioMérieux, Tokyo, Japan), which has been validated for bovine plasma \[[@r21]\]. The current assay showed high correlation (r=0.98) to the reference method (radioimmunoassay; RIA). Moreover, the curve resulting from serial dilution of bovine plasma was parallel to the standard curve. The intra- and interassay coefficients of variation for the P~4~ assays were \<4.0% and \<8.1%, respectively, according to the validation of the kit \[[@r21]\]. The detection limit of the assay was 0.2 ng/ml (measurement range, 0.25--80 ng/ml; specificity, 100%). Estradiol-17β (E~2~) was extracted from plasma (800 µl) samples using diethyl ether (3 ml), and substances that interfere with the E~2~ assay were removed twice using the partition method of 0.5 ml acetonitrile and 2 ml n-hexane as described elsewhere \[[@r22], [@r23]\]. The E~2~ concentrations were determined using a 17beta-Estradiol ELISA kit (IBL International GmbH, Hamburg, Germany). The sensitivity and intra- and interassay coefficients of variation for E~2~ were 9.7 pg/ml, 6.8% and 9.4%, respectively, according to the manufacturer data sheet. E~2~:P~4~ ratios were then calculated.

Data classification and statistics
----------------------------------

The normal distribution of the data was investigated by the D\'Agostino and Pearson omnibus normality test using the GraphPad Prism software for Windows (version 5.0; GraphPad software, San Diego, CA, USA) \[[@r24]\]. Most of the data were normally distributed, with the exception of the endocrinological parameters. Both parametric and nonparametric tests were used for normally and non-normally distributed data, respectively.

Since, each portion of the female genital tract is subjected to the same conditions as the other portions in the same cow at every check, the overall differences between the RT, VT, CT, UBT and UHT were compared using one-way ANOVA followed by a pairwise comparison of means using Tukey\'s Honestly Significant Difference (HSD) \[[@r25]\]. Moreover, Pearson\'s correlation coefficient was used to determine the association between these variables. Significant correlation coefficients were interpreted as having marginal (\<0.25), moderate (0.25--0.50), good (0.51--0.75) and high correlation (\>0.75) \[[@r26], [@r27]\]. To compare the correlation of RT and VT to CT, UBT and UHT, Steiger\'s Z-test was carried out using the FZT Computator software, version 1.0 \[[@r28], [@r29]\]. To study the effect of endogenous P~4~ concentrations on the different recorded temperatures, the data were classified based on the corresponding plasma P~4~ levels into the following ranges: P~4~\<1 ng/ml (nonsecretory CL, n=30), P~4~ between 1--4 ng/ml (evolving and regressing CL, n=40) and P~4~\> 4 ng/ml (mid-cycle CL, n=78) \[[@r30], [@r31]\]. In this classification, nonparametric Kruskal-Wallis tests were used to compare the steroid hormone profiles in the different peripheral P~4~ concentrations ranges, while one-way ANOVA was used to compare the thermal changes within each temperature recording site in the different peripheral P~4~ concentrations ranges. To investigate whether the ovary-bearing CL affects the temperature of the ipsilateral or contralateral uterine horn, an independent *t*-test was carried out to compare the temperatures of the two horns during the luteal phase. Furthermore, partial and Spearman\'s correlation coefficients were applied to investigate the relation between steroid profiles and different recorded temperatures \[[@r32]\].

Except for the normality and correlation comparison tests, SPSS for Windows (version 17.0; SPSS, Chicago, IL, USA) was used for statistical analyses. Differences of P\<0.05 were considered to be statistically significant. All results are expressed as the mean ± SEM, unless otherwise stated.

Results {#s2}
=======

Estrous cycles and clinical findings
------------------------------------

One cow had developed a luteal cyst during the second estrous cycle; thus, the data for this cycle was excluded. In total, seven estrous cycles were investigated using the four Japanese Black cows. The mean cycle length was 21.1 ± 1.1 days (mean ± SD). Moreover, during the entire experimental period, no genital tract abnormalities were recorded.

THI
---

The average THI recorded during the experimental period was 56.39 ± 5.32 (mean ± SD). THI did not show any significant differences with regard to the different peripheral P~4~ concentrations ranges.

The temperature of the rectum and different portions of the genital tract
-------------------------------------------------------------------------

The genital tract temperature increased progressively toward the uterine horns over the estrous cycle. UHT was significantly higher than VT (P\<0.001) and RT (P\<0.05). Moreover, RT was significantly (P\<0.001) higher than VT ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Presence of a temperature gradient between different portions of the female genital tract and the difference between the RT and temperature of each portion of the female genital tract. Different letters indicate significant differences between the different portions of the genital tract (bc--c, P=0.05; a--b & b--c, P\<0.01; a--c, P\<0.001). Asterisks indicate significant differences between the RT and temperatures of other portions of the genital tract (\*P\<0.05; \*\*P\<0.001). The different recording sites for temperatures are shown as RT for rectal temperature, VT for vaginal temperature, CT for cervical temperature, UBT for uterine body temperature and UHT for uterine horn temperature. The data are represented as means ± SEM of the temperatures throughout two successive estrous cycles (n=148 for each variable).). There was a strong correlation (r=0.79; P\<0.001) between RT and VT. Both RT and VT were positively correlated with the different genital temperatures ([Table 1](#tbl_001){ref-type="table"}Table 1.Pearson\'s correlation coefficients among the temperature humidity index and temperatures recorded in the rectum and different portions of the reproductive tract over the estrous cycle in beef cows (n=148 paired measurements)ParametersTHIRTVTCTUBTUHTTHI10.38\*0.43\*0.42\*0.43\*0.42\*RT10.79\*0.76\*0.68\*0.60\*VT10.93\*0.80\*0.70\*CT10.91\*0.82\*UBT10.93\*UHT1THI, temperature humidity index; RT, rectal temperature; VT, vaginal temperature; CT, cervical temperature; UBT, uterine body temperature; UHT, uterine horns temperature. \* P\<0.001.); however, VT was significantly more correlated to CT (z=7.74, P\<0.01), UBT (z=3.54, P\<0.01) and UHT (z=2.67, P\<0.01) in comparison with RT correlations.

Effect of steroid hormone profiles on the temperature of the rectum and different portions of the genital tract over the estrous cycle
--------------------------------------------------------------------------------------------------------------------------------------

Regarding to the data classification based on the ranges of peripheral P~4~ concentrations, the corresponding E~2~:P~4~ ratios and P~4~ concentrations are shown in [Fig. 2-A](#fig_002){ref-type="fig"}Fig. 2.Effect of different peripheral concentration ranges of P~4~ on the different recorded temperatures: A) The P~4~ and E~2~:P~4~ values at different P~4~ concentration ranges; different letters (a--c and x--z) indicate significant differences at P\<0.001 for P~4~ concentrations and E~2~:P~4~ ratios, respectively. B) Changes in the RT, VT, CT, UBT and UHT with different concentration ranges of endogenous P~4.~ C) Changes in the temperatures of the uterine horns ipsilateral and contralateral to an ovary-bearing CL. Asterisks indicate significant differences between variables (\*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001). The different recording sites for temperatures are shown as RT for rectal temperature, VT for vaginal temperature, CT for cervical temperature, UBT for uterine body temperature and UHT for uterine horn temperature. The data are represented as means ± SEM.. Notably, each portion of the female genital tract exhibited a significant increase in its temperature when the peripheral P~4~ concentrations was more than 4 ng/ml (mid-cycle CL) in comparison with its temperatures at lower peripheral P~4~ concentrations ([Fig. 2](#fig_002){ref-type="fig"}-B2 to B5). On the other hand, the RT did not show any significant difference among the different peripheral P~4~ concentrations ranges ([Fig. 2](#fig_002){ref-type="fig"}-B1). There was no difference between the uterine horns ipsilateral and contralateral to the ovary-bearing CL, and the temperatures of both horns increased significantly when the peripheral P~4~ level was greater than 4 ng/ml in comparison with their temperatures in the range of 1--4 ng/ml ([Fig. 2-C](#fig_002){ref-type="fig"}). Peripheral P~4~ concentrations showed a positive correlation with rectal and genital tract temperatures ([Table 2](#tbl_002){ref-type="table"}Table 2.Correlation coefficients among steroidal parameters and temperatures recorded in the rectum and different organs of the reproductive tract over the estrous cycle in beef cows (n=148 paired measurements)ParametersRTVTCTUBTUHTP~4~^(a)^0.19\*0.27\*\*0.31\*\*\*0.29\*\*\*0.27\*\*E~2~^(b)^--0.07--0.07--0.0090.0030.003E~2:~P~4~^(c)^--0.19\*--0.29\*\*\*--0.32\*\*\*--0.28\*\*\*--0.25\*\*P~4~, Progesterone; E~2~, Estradiol-17β ; RT, rectal temperature; VT, vaginal temperature; CT, cervical temperature; UBT, uterine body temperature; UHT, uterine horns temperature. ^(a)^ Partial correlation coefficient between peripheral P~4~ concentrations and the different recorded temperatures, controlling for the effect of E~2~. ^(b)^ Partial correlation coefficient between peripheral E~2~ concentrations and the different recorded temperatures, controlling for the effect of P~4~. ^(c)^ Spearman\'s correlation between peripheral E~2~:P~4~ ratios and the different recorded temperatures. \* P\<0.05; \*\* P\<0.01; \*\*\* P\<0.001.). On the other hand, the E~2~:P~4~ ratio had exerted a negative correlation with these temperature variables. However, the correlation of these endocrinological parameters with RT was marginal.

Discussion {#s3}
==========

To the best of our knowledge, there is no report describing the temperature of deeper portions of the female genital tract in relation to the bovine estrous cycle. In humans, uterine temperature measurement is restricted to patients who are in labor, when the cervix is dilated and the uterine lumen is accessible \[[@r33]\]; however, under such conditions, the recorded uterine temperature is affected by fetal temperature, amniotic fluid and uterine contraction \[[@r33], [@r34]\]. In the current study, by using a digital thermometer with a long probe guided by recto-cervical manipulation in the bovine model, we were able to monitor the temperature of the deeper portions of the female genital tract. In dairy cows, a similar technique using a thermistor fixed to a probe has been used to record the uterine temperature in comparison with RT before and after insemination; this tool was used to study the effect of different THIs on conception rate \[[@r35]\]. It is notable that recto-cervical manipulation is used in a wide range of reproductive technologies in bovines, including artificial insemination, embryo collection and transfer and endometrial biopsy \[[@r36]\]. Thus, the temperature recording technique stated in the current article could be applicable for future research concerning the temperature of the deeper portions of the female genital tract in bovine.

The presence of a thermal gradient with increasing temperature from the vagina towards the uterine horns shown here could be explained on the anatomical basis that the deeper portions of the female genitalia are nearer to the warmer body core. This thermal gradient could affect gene expression in the spermatozoa after insemination and/or different genital tract tissues \[[@r18]\]. Moreover, these findings may change the concept of sperm thermotaxis being limited to the fallopian tube \[[@r37]\].

The RT measurement could be affected by the thermometer type and depth of penetration in the rectum \[[@r38]\]. VT recording is likely influenced by the measurement method, urination and air influx into the vagina \[[@r12]\]. In the current study, both RT and VT were measured using the same digital thermometer. Our results showed that RT was significantly higher than VT. In agreement with our findings, Lea *et al.* \[[@r39]\], Hillman *et al.* \[[@r40]\] and Burdick *et al*. \[[@r41]\] used identical or calibrated thermometers for recording both RT and VT in cattle and also reported that RT was higher than VT. In contrast to our results, a study on beef cows used a digital thermometer for RT recording and data loggers attached to intravaginal device for VT monitoring and found that RT was lower than VT in both winter and summer \[[@r42]\]. It is worth saying that the accuracy of digital thermometers is almost ± 0.1 C, while that of temperature loggers is ± 0.3 C \[[@r8]\]. Thus, it is recommended to use a single type of thermometer or temperature logger in studies concerning temperature recording from different sites in the animal body \[[@r12], [@r39]\]. Moreover, the current study reported that UHT was higher than RT. Similarly, Gwazdauskas *et al.* \[[@r35]\] reported that the average of uterine temperature in dairy cows was higher than the average RT by 0.2 C.

In the current study, the positive correlation between RT and VT in beef cows is nearly similar to that reported in pregnant (r=0.90) \[[@r40]\], healthy postpartum (r=0.75) \[[@r8]\] and cyclic dairy cows (r=0.95) \[[@r43]\] and beef heifers (r=0.92) \[[@r41]\]. The high association between VT and RT reflects the possibility of using VT to monitor diurnal changes in body temperature \[[@r8]\]. Moreover, our results show that both RT and VT were positively correlated with CT, UBT and UHT, but VT was significantly more associated with these variables. Thus, VT could be a more appropriate indicator of thermal changes in the deeper portions of the female genital tract than RT.

It is well known that both RT and VT could be affected by daily rhythms and environmental conditions \[[@r12]\]. The average THI during the experimental period was lower than the alert level (i.e., THI ≤ 74) for heat stress in beef cows \[[@r44]\]. Moreover, in the current study, THI was moderately correlated with VT when compared with another study carried out under temperate conditions, which reported a higher correlation between THI and VT \[[@r45]\]. This result may reflect the relatively moderate environmental conditions during our experimental period. It is worth noting that under heat stress, the uterine temperature increase as a result of reduction in uterine blood flow caused by catecholamine-mediated vasoconstriction of uterine arteries. This condition ultimately leads to a reduction in the conception rate and increased early embryonic loss \[[@r46], [@r47]\]. Further studies are required to elucidate the effect of seasonal variation of THI on the temperatures of the different portions of the female genital tract with special reference to the deeper portions.

In this study, the temperatures of different portions of the female genital tract showed significant increases when peripheral P~4~ concentrations were greater than 4 ng/ml (mid-cycle CL) in comparison with other lower concentrations of P~4~. This result is in agreement with previous studies that reported an increment in bovine VT during the mid-luteal phase followed by reduction 2--3 days before estrus \[[@r10], [@r11], [@r14], [@r15], [@r48]\]. This phenomenon was attributed to the thermogenic action of P~4~; however, none of these studies measured RT. Comparison of the recorded RTs in different peripheral P~4~ concentration ranges showed that there were no significant differences. Similarly, a report studying the estrous cycle based on RT only reported no such pattern in bovines \[[@r9]\]. Based on these findings, we postulated that this pattern is more likely to be a result of a localized effect of P~4~ on the genital tract than the consequence of generalized thermogenic actions. We attributed this localized effect to the vasoconstrictive effect of elevated P~4~ or the lowered E~2:~P~4~ ratio on genital blood vessels \[[@r49]\]. With the subsequent decrease in the blood flow and heat loss in the genital tract, there was a subsequent increase in the genital-tract temperature \[[@r49], [@r50]\]. P~4~ acts as a vasoconstrictor through two mechanisms: first, by increasing norepinephrine release from the sympathetic nervous system, and second, through increasing the responsiveness of vascular smooth muscle by increasing the number and/or the activity of α adrenergic receptors in adrenergic (vasoconstrictor) nerves \[[@r51]\]. In support of our hypothesis, parenteral administration of estradiol (i.e., increase of the E~2~:P~4~ ratio) was associated with a reduction in uterine temperature and an increase in the vaginal thermal conductance in cyclic dairy heifers. This event was attributed to the vasodilation of the uterine and vaginal arteries, respectively \[[@r52], [@r53]\]. Additionally, our results revealed positive and negative correlations of P~4~ and E~2~:P~4~, respectively, with the temperatures of the different portions of the female genital tract. Although these correlations were of moderate degree, this phenomenon could be explained by the fact that the vasoconstrictor effect of P~4~ is mediated by other substances \[[@r54]\]. In the current study, there was no significant difference between the temperature of the uterine horns ipsilateral and contralateral to the ovary-bearing CL. A point of inconsistency is that Pope *et al.* \[[@r55]\] and Weems *et al.* \[[@r56]\] had reported higher concentrations of P~4~ in the tissues of uterine horns and arteries ipsilateral to the ovary-bearing CL than those contralateral to the ovary-bearing CL. However, Ford \[[@r49]\] demonstrated that this pattern did not affect the uterine blood flow in a unilateral manner, as there was no significant difference in the blood flow in the uterine arteries ipsilateral and contralateral to the ovary-bearing a CL throughout the estrous cycle \[[@r57]\]. The knowledge concerning thermal changes within the female genitalia during the estrous cycle may be of practical significance for optimizing the *in vitro* regimes for gamete and embryo culture \[[@r58], [@r59]\]. At the biological level, these variations may result in modification of the gene expressions and/or epithelial tissues of the different tissues of the female genital tract \[[@r18]\].

So far, frequent monitoring of genital tract temperatures is not carried out. Further studies will be necessary to elucidate the hourly changes in relation to estrus. However, innovation of a device to be lodged in the female genital tract for continuous temperature monitoring of different portions at the same time may be difficult, due to the orientation and structure of the genitalia.

In conclusion, 1) the female genital tract shows a temperature gradient that increases progressively toward the uterine horns; 2) genital temperatures increase during the mid-luteal phase (P~4~\>4ng/ml) in comparison with the other phases of the estrous cycle; and 3) VT could be more beneficial than RT in monitoring the temperatures of deeper portions of the female genital tract in bovine.
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